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This report starts by describing the background research and work that had already been done 
on the UCT scanning tunneling microscope (STM). This system is being developed in the 
Department of Electrical Engineering at UCT. It goes on to describe the continuation of the 
research work that was done for this dissertation on the STM at UCT. The work was 
originally started by Dr. Tapson for his PhD (1994). and continued by the author for his 
MTech degree in ) 997 and 1998. The work was temporary discontinued from May 2000 till 
August 2002 to enable the author to work as a contract engineer at the Institute of Physics in 
Basel, Switzerland to learn more about the construction of probe microscopes. 
The new work evolved around the need to implement scanning tunneling potentiometry (STP) 
capability in the new STM. This capability should give the end-user the capability of looking 
at the sub-surface structure of any material on a sub-micron scale. The basic STP function 
must be implemented in two dimensions in the plane of the specimen. The STM tip is then 
used as a highly localized voltmeter to sense what the potential distribution is at that point on 
the surface. The potential information that is obtained is then used to plot two images of the 
potential distribution over the surface in the X and Y directions. The topographic information 
is obtained in the usual way from the STM scan. This method gives three collocated images 
as the result and a better understanding of the surface structure is obtained in this way. 
The penetration depth of the potential scan can be varied by adjusting the frequency of the 
applied AC signal in the X and Y directions. This use of the skin effect should allow the end 
user to obtain slices of the surface at various penetration levels of the specimen. These slices 
will give a picture of what happens from the surface up to a certain penetration depth. The 
interpretation of these images could be very difficult because the skin effect does not stop at a 
defined penetration depth. Only the 3 dB point is defined. which means that sub surface 
structures below the 3 dB point will also have an influence on the obtained image. 
During the course of the research new hardware and scanning software was implemented to 
enable the error-free acquisition of new data. This entailed splitting the existing XY 
controller into three separate parts namely a Communications interface, and two STP 











results. The PC software stayed the same but for a change in the array size, that holds the 
acquired data. This was again changed after the work experience in Basel and is explained in 
chapter 6. 
The review of all the work that was done previously is done in chapter 3. In chapter 4, the 
fundamentals of scanning tunneling potentiometry are reviewed along with a detailed 
explanation of what is expected from the results. This very important chapter covers the 
theoretical aspect of the thesis. This chapter also explains the working of both the 50kHz and 
the new IMHz detector. Chapter 5 is explaining the working of the pre-amplifier and the 
reason for various noise sources associated with it. The following chapter explains the 
working of the embedded software, and hardware. The hardware and software went through 
two iterations during this MSc and the reasons for this is explained here. 
This is then followed by a chapter on the results where the images that were obtained are 
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Chapter 1: Introduction 
The first successful scanning tunneling microscope or STM was built in 1982 in the IBM 
Research Labs in Zurich, Switzerland. This new type of electronic microscope had the ability 
to obtain atomic resolution, and for the first time materials scientists had the ability to image 
atoms in their lattice structure using a tabletop size instrument I , 2. It was no longer necessary 
to use very powerful electron microscopes (which could fill a room) to get atomic resolution. 
In 1986, the scientific community recognized the achievement of Binnig and Rohrer of IBM 
by presenting them with the Nobel Prize in Physics3• 
It was a long and sometimes difficult road to get to the design of the first STM. Russel 
Young of the National Bureau of Standards in the USA realized that it is possible to get better 
resolution than available from an electron microscope by using the tunneling effect3. 4, This 
quantum mechanical effect allows an electron to cross a barrier, which according to classical 
physics it cannot cross, since it lacks sufficiently high energy. It makes its way so to speak 
through a potential mountain by quantum-mechanical tunneling; hence the name tunneling 
microscope. This means that if a conductive scanning tip is near enough to a conductive 
surface (10 A, i.e. 3-4 atom diameters) a current will flow even at low voltages. Young did 
manage to build an instrument but only managed to obtain a resolution of 200 A. This 
resolution was thus considerably poorer than other electron microscopes of that time. 
Binnig and Rohrer succeeded with their STM1,5 but it was still very bulky. One cause ofthis 
was the vibrational isolation system that was used to isolate the scanner from disturbances in 
the environment. The microscope was built on a permanent magnet that floated freely on a 
disk of superconducting lead. Today, less bulky and equally effective isolation mechanisms 
have been developed6,7, The Nanosurf Company of Switzerland has developed an STM and 
recently an AFM (Atomic Force Microscope) that are good examples of this8, The horizontal 
resolution was approximately 2 A and the vertical resolution was OJA for the Nanosurf STM 
instrument. In 1986, Pohl defined the required lateral resolution to be 0.1 A and the vertical 











The STM is a very simple instrument when considered in terms of its basic components. The 
primary component is the piezo ceramic scanner element into which a wire tip is fixed. The 
tip can be a piece of noble metal wire (Pt 15% Rh or Pt-Ir alloys) that protrudes out of the 
scanner tube. The movement of the scanner is controlled by a computer that gives out control 
voltages that are applied onto the scanner to cause controlled movements in the X and Y 
direction. To sense the topography of the specimen surface, a control loop tries to maintain a 
constant current between the surface and the sample. The Z control voltage is then plotted to 
reveal the surface features of the sample. 
To: PC V1a parallel or 
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surface 
Figure 1.1: Block diagram of our STM system - showing the scanning tip and scanner from 
which the tunneling current is amplified and used as the input to the height feedback 
controller. The output of the Z controller is fed to high voltage amplifiers along with the X 
and Y signals from the XY scan generator to the scanner and tip. The Z control loop output is 
also sent to the XY controller from where it is sent to the PC for display. 
Since 1982, there has been a considerable amount of new work done in this field, with 
surprising results. A whole group of sub-types has emerged from this single STM design. 
Instead of using current as a feedback variable, capacitance can be measured 10, as well as 
resistance, elasticity, magnetic force and a host of other variables. Resistance can be 
measured by applying a voltage across the sample, and measuring the current orthogonally to 
the electric field. This is called scanning tunneling potentiometry (STP) 11. Elasticity 
measurements can be done using an atomic force microscope in which a stylus is used to 
profile the surface12. In these techniques, the micrometer scale deflections of the AFM stylus 











The addition of a resistiometric measurement capability in a scanning tunneling microscope 
(STM) is required for the application of this particular STM. In scanning tunneling 
potentiometry (STP) the tip is used as a highly localized probe for potential measurements on 
a conducting surface 10, 13. During a STM measurement of the surface topography, the surface 
is biased at a constant DC voltage, but during a STP measurement, a varying surface potential 
must be applied across the surface that must be measured. The varying surface potential is 
caused by regions of differing surface resistance, such as the grain boundaries of the material. 
The requirements for STP are as follows. 
1. A signal must be applied across the surface, which will cause local points of differing 
surface potential. 
2. A system must be included for distinguishing between the variations in tunneling current 
caused by topographic changes in the Z direction, and variations caused by local changes 
in potential. 
Our system was designed to drive large high-frequency currents through bulk metal 
specimens. The addition of a transformer to step up the current before applying it to the 
surface of the sample is critical in this respect. This transformer coupling allows us to float 
the AC potentials on the DC bias. The result of this is that currents in the specimen plane of 
up to lA are possible. In addition, the use of synchronous detection of the AC signal reduces 
the noise levels of the potentiometric information. 
This thesis is about the implementation of STP capability in the STM at UCT13•14• The 
modifications include a bigger frequency range. The main aim is to prove that high frequency 











Chapter 2: Review of STM technology 
2.1 Introduction 
There are various routes to improving the performance of a STM. By redesigning the 
controller electronics, it is possible to make it faster and more intelligent. The signal 
processing can be improved, in terms of the way it corrects a distorted image, or cancels 
environmental noise. The instrument size can be reduced to make it more compact6• The 
scanner hardware can be redesigned to accommodate different scan heads, or different tips. 
The system cost can also be reduced to make it affordable for universities and small research 
companies? Every field related to STM is open to improvement. 
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Figure 2.1: Block diagram of our existing STM system showing the computer with the PC-
14 card, the bi-directional parallel link running to the XY controller, the analogue outputs of 
the Z and XY controllers that go to the XYZ to 4 quadrant converter, the four 500 Volt 
amplifiers that drive the piezo tube, the 109 gain stage that amplifies the InA tunneling 











2.2 The tunneling tip 
Almost aU of today's STM instruments use some kind of piezo ceramic scanner to scan over 
the surface to obtain the image. The tip is normally a piece of noble metal wire that protrudes 
through the hollow centre of the piezo tube. There are also several other ways of mounting 
the tip. It can be mounted in such a way that it is still protruding through the hollow centre, 
but when the specimen is scanned, a piezo tube lengthening or shortening will give a Z 
direction movement for the tip. Lateral deflections of the piezo material will give the X and 
Y tip movement. This method of mounting the tip can be used when the surface features are 
very rough and a large scan area is required. The scan area will however not be square in 
shape, but rather a long strip. Three separate piezo tubes or bar elements can also be used to 
mount the tip. In this case, each piezo tube is used only in the lengthwise direction. As each 
of the three piezo materials contracts or expands it produces the required movement in the XY 
and Z directions 1,8. 
The tip is brought into close proximity to the surface (approximately one nanometer) of the 
specimen at which point a current (of the order of nano-amps) will start flowing from the 
surface to the tip. The bandwidth at the tip can be controlled in the XY direction, and is 
normally in the range of several kHz. There are however exceptions to the rule. One 
exception is the design of an optical switch type STM tip l5, which is discussed below. 
2.2.1 Opto-electronic tip design 
The optical switch type STM tip was designed to give very fast temporal resolution. These 
tips are used primarily for the measurement of laser induced transients on transmission lines 
and photoconductors l6• These opto-electronic tips are also used to scan very fast over a small 
area to make a movie of the movement of atoms in their lattice structure 17. The opto-
electronic tip was designed to try to increase the scan speed of a STM. 
The basic structure of these special tips is a PtRh wire tip that is attached to a photoconductive 
Si switch. A laser beam is focused through the substrate to control the conductiveness of the 
silicon switch. The time between the laser pulse being applied and the tip current flowing is 











2.2.2 Tip sharpness 
Tip sharpness is very important. When scanning at atomic resolution the surface features are 
created by atoms. This means that it would be ideal to have a single atom at the apex of the 
tip. If the tip is that sharp, the stream of electrons from or to can be considered to be from a 
single point. If a single atom is at the apex of the tip, then the tip can be modelled 
mathematically and the current can be characterised'8. If the tip is not atomically sharp. it is 
possible to get tunneling currents forming at different points on the tip. The result of these 
haphazard tunneling points is that it is not possible to determine with great accuracy what the 
tip was imaging. and the result is a useless image, if an image was obtained at all. It is thus 
important to take good care of the tip and to understand the geometry of the tip l9. 
There are many sources in the literature on how to prepare very sharp tips by etching and/or 
cutting20. 21 ,22. Most of these tips last about an hour before they start to go blunt again. This is 
normally due to oxidation of the surface of the tip. or tip crashes. Tips are made out of Pt-
15%Ir or Pt-Rh alloy. The basic process of etching involves an etching solution and some 
mechanism to pull the etched wire from the solution at a constant rate. A typical rate is about 
Imm per minute. This process gives tips that can have only a few atoms at the tip. 
Commercial tips are available with only one atom at the tip. but these tips are very 
expensive23. These are manufactured using a combination of etching and polishing. 
2.3 The control system 
The loop that controls the height above the specimen surface is the most important part in the 
whole system. This loop has to maintain a constant height above the surface by keeping a 
tunneling current value constant. In this lies the first problem with the height control loop. It 
is designed to control the current while it is actually intended to do something totally 
different. It must control the height above the surface of the specimen. It has only a 
superficial correspondence with the widely used single-input-single-output control loops. The 
problem is to decide what the tunneling current represents. Is it the input to the control loop, 
or is it a disturbance that is added to the system? Tapson 13 also noted this ambiguity. 
There are various ways of implementing a PI controller for the height control above the 











Tapson's work came down to a decision between using a sampled data system or an analogue 
system. The design of an analogue scan system tends to be more favoured by research 
groups27,28. Commercial instruments tend to use digital control systems. An example of this 
is the Discoverer system from Topometrix23. Another example is the CryoSTM system from 
Oxford Instruments29. The drawback of a digital controller is that it is more complicated to 
build. Not only the software. but also the physical circuit design and layout take up time. The 
only way to avoid the software design problem is to use a hardwired digital controller. This 
was done by Valenzuela-Benavides28• This hardwired controller can be classified under the 
same heading as the analogue controller because once the controller parameters are built into 
the system, it is very difficult to change. It is better to go with a system where the control 
parameters can be easi Iy changed in software. 
The capability to change the control parameters in a digital control system makes the overall 
system very flexible. It is possible to scan a broad range of specimens without rewiring the 
controller; only the software parameters are changed. The decision for a digital control 
system can be subdivided further between a digital signal processor (nSP) system and a 
microcontroller-based system. The use of a nsp based system is very popular because nsp 
algorithms are very powerfuI3o•31 • These powerful processors allow the implementation of 
any type of control strategy from a simple PI loop to a more complex multivariable or fuzzy 
control loop32. 
The other option to follow in a digital control system is to use a microcontroller based system. 
This was done by the present authorl4•25 and by Tapson13• The microcontroller solution has 
two possibilities. The first option was used by Tapson and consists of generating a lookup 
table as a substitute to calculating a real-time algorithm. The lookup table is calculated with a 
control algorithm on a PC or workstation and is downloaded to the microcontroller. The 
advantage of this is that the microcontrollers are very cheap and very fast throughput rates are 
still possible. The downside is that the lookup table download is time consuming. The table 
must also be recalculated each time the specimen is changed. A second option is to use fast 
microcontrolJers. This is the route taken by the present author. The XY and Z directional 
control is done by the microcontroller. The Z algorithm is calculated after each sample and a 











The use of floating point calculations in the control loop was later questioned by Tapson33• 
The control loop is an integer-in-integer-out loop. The use of a DSP processor to do the 
floating-point calculations in the control loop is thus questionable. The ADC and DAC values 
can all be represented by integer values. The calculations will produce fractions. but they will 
be rounded off if integer mathematics is used. The control bandwidth requirement of a STM 
is also low enough in the Z direction that a fast microcontroller can handle the control loop 
with ease25• 
2.4 Imaging systems 
The imaging systems that were used in the earlier STM systems were mainly analogue storage 
oscilloscopes. The actual image was then photographed from the screen of the storage 
oscilloscope to get a hard copy of the image that was scanned. This was a cumbersome 
method at best. Later years brought combinations of data display, e.g. using both a storage 
oscilloscope and a PC34. In even later years, the various researchers and companies started to 
use personal computers to do the image display of the specimen surface24.27.30.31.35.36. This is 
the method that is still used today25.37. Some researchers have tried to use a different method 
of obtaining the image with the aid of sophisticated frame processors and frame grabbers38• 
This was done to try and improve the throughput speed of the STM. 
Most early STMs used the MS-DOS based operating system to display a line type image. 
Some early papers show examples of line type images39.4oAI. The lines then formed a type of 
3-dimensional display that represented the topography of the surface. With the popularity of 
MS Windows42 products, Windows became the operating system of choice to do graphical 
displays of the data. A good example of this is Barchesi et ai, who used a Pentium based 
computer system (PC) and Visual Basic under Windows to develop their application43. Some 
companies like Topometrix23 have used Unix based systems, and others have opted for a 











2.5 Review of STP technology 
The basic requirement for scanning tunneling potentiometry is: 
1. A signal must be applied across the surface, which will cause local points of differing 
surface potential. 
2. A system must be included for distinguishing between the variations in tunneling 
current caused by topographic changes in the Z direction, and variations caused by local 
changes in potential. 
Muralt and Pohl ll used a system that was optimised for the study of metal-insulator-metal 
structures. This type of surface had a high likelihood of showing a high resistance at the grain 
boundaries. The topographical signal was then detected using a demodulator that consisted of 
a lock-in amplifier to separate the AC signal from the DC signal. The DC signal was used for 
the feedback in the Z direction to keep the height above the specimen surface constant. This 
system worked well. 
The system of Kirtley et at5 measured the topographic and the potentiometer information in a 
sequential method. The topographic information was measured and then the feedback control 
was disabled for a short time to take a potentiometric measurement by using a spatially 
varying DC signal. This system claimed a SNR improvement of at least 10 times over the 
system of Muralt and Pohl II . 
The system of Pelz and Koch46 used an AC signal and a square wave bias voltage to obtain 
the topography and the potentiometric information at the same time. The topography was 
measured only when the bias voltage was high and the potential measurement by means of a 
lock-in amplifier when the bias voltage was low. 
All these methods used a surface potential gradient in only one direction, which meant that 
assumptions had to be made as to the electrical connectivity perpendicular to the varying 











Chapter 3: Previous work at UCT 
3.1 Introduction 
The only STM related work that was done previously at VCT was by Tapson l3 and by the 
author l4 during his MTech studies at the Cape Technikon. The Materials Engineering 
Department at VCT needed a wide area STM that could be used for metallurgical research. 
Tapson designed and build a STM that filled that requirement. A new control system was 
then implemented by the author along with faster scan rates and new user software that runs 
under Windows. 
3.2 The STM 
Figure 3.1: Photograph of the scanning tunneling microscope, showing the XY and Z 
controller in the foreground. In the background from right to left, are the 500V amplifiers, the 
XYZ to four-quadrant converter and the three power supplies, all resting on the vibrational 
isolation assembly. The two wires (X and Y) from the XY controller and the single wire from 
the output of the Z controller can be seen going to the XYZ to four-quadrant converter and 
then to the 500V amplifier from where the four signals can be seen emerging again. 
The STM consists of several essential components that make up the system. These are the 











head is mounted on the vibrational isolation assembly to isolate it from various kinds of 
movement. These indude minute micron size building vibrations, vibrations caused by 
footsteps and even accidental bumps into the STM instrument as a whole. 
The control electronics is mounted outside of the PC to make it easy to isolate it from 
electrical and electro-magnetic noise. It is here that the analogue-to-digital (ADe) and digital 
to analogue (OAC) conversions are performed. 
3.2.1 Scan head 
The scan head is the same head that was used in the previous iteration of the STM 13. It 
consists of a PZT -5H piezo ceramic scanner tube that is mounted inside a steel block. The 
block has set screws that are used to do the coarse approach of the tip to the sample. In the 
scanner tube is mounted the scan tip (usually a Pt-Ir wire). The tips can easily be damaged, 
but it is easy to sharpen them again2o.21.22. 
On top of the steel block is mounted the first (transconductance) amplifier that converts the 
tunneling current to a voltage and which amplifies the voltage by 106. 
The steel block with the scanner tube rests on a second steel block onto which the sample is 
mounted, and which contains the fine approach screw. The fine approach screw has a 
micrometer screw gauge thread with a pitch of 0.5 mm per tum. The block is suspended with 
rubber bands from the vibrational isolation assembly. 
3.2.2 Vibrational isolation 
The vibrational isolation assembly was constructed to isolate the STM head from any 
mechanical vibrations. These vibrations can be anything from micron size vibrations of the 
building caused by th(: wind or passing vehicles, to accidental bumps into the STM table. The 
isolation consists of a set of three rubber bands that suspend the scanner head from the 
scanner mount. The mount rests on a 5-millimeter sheet of foam rubber. The STM mount is 











Figure 3.2: Photograph of the scanhead on its suspension rig. The scanhead with the 106 
amplifier can be seen clearly along with the wires that connect it to the BNC connectors. The 
cables on the left supply the power to the 106 amplifier and the control signals to the piezo 
tube. 
Figure 3.3: Photograph of the scanhead from the underside. The tip and the piezo tube can 











whole assembly rests on a very heavy slab of slate. measuring 5cm by 50cm by 100cm. The 
slab makes the assembly very heavy and helps to dampen any frequency that the assembly is 
exposed too. The slab is supported at its comers by four sets of five tennis balls. This has the 
effect of blocking most if not all of the received vibrational energy. The tennis balls are 
contained in four tennis ball buckets. which hold five tennis balls each. The tennis ball 
buckets rest on some more sheets of foam rubber. 
This setup has proven to be effective in the previous STM in removing most of the 
mechanical vibrations that might prevent the obtaining of good images 13. 
3.3 Electronic systems 
The electronics of thi~ study consist of the scan head. the PC. the control boards for the XY 
and Z controllers. and the various power supplies. The scan head needs a 500V power supply 
to drive the piew tube and a ±15V supply for the 106 current gain amplifier and the 103 
voltage gain amplifier. 
The control boards give out the XY and Z directional control voltages that are first split into a 
four-quadrant signals before being passed to the 500V amplifiers. The outputs of the 500V 
amplifiers are then used to drive the four quadrants of the piew tube. 
3.3.1 XY controller 
The XY controller a~, it is shown in figure 3.1. was implemented by the authorl4 as an 
improvement to the system used by Tapson 13• The XY controller scans the tip in a raster 
pattern over the sample with a movement bandwidth of 3.3kHz. Our XY controller. which has 
two 16-bit DACs to give the required lateral resolution. was implemented using a PIC 17c43 
microcontroller. By incrementing the two 16 bit DACs by different amounts the image 
magnification factor can be controlled. A scan size from 5nm x 5nm up to about 51lm x 51lm 
is achieved. 
The XY controller also communicates via two optically isolated parallel ports to a PC. One 
parallel port is used for transmitting and the other for reception of data from the PC. The 











reaching the embedded system. It was shown in the previous iteration of the electronics, that 
ground line noise was .l problem13• 
The PC was running Windows NT 4 and the imaging software was written in MS Visual C++. 
The two parallel ports were implemented using an 8255-type slot-in card in the PC. The 
control software on the PC communicates to the XY controller various parameters such as the 
magnification factor hlld control variables. The Z controller also requires some of these 
configuration parameters. The PC configures the XY controller, which then configures the Z 
controller before each 5can is done. 
The speed of throughput between the PC and the XY controller was improved by using a 
custom device driver. It was found that when the slot-in card was controlled from the user 
program level the throughput was in the order of 40.3 kbytesls. If the control lines and data 
reads were controlled by the device driver and not by the user program, the throughput 
improved by a factor of 3.23. The received data was then passed up as a 1024 byte array 
through the NT security layers to the user application program in the case of data control by 
the device driver. 
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Figure 3.4. XY controller block diagram, showing the 16-bit X and Y DAC outputs and 
one of the 8-bit STP inputs. From the XY controller the data is sent to a latch and then to the 
PC via a parallel link that is implemented with an 8255-type card in the Pc. The serial link to 











3.3.2 Z controller 
The existing Z controller was implemented by the author as part of his MTech thesis 14. It is 
important to note that the Z controller implements a PI (proportional - integral) control 
system: 
Zout = k(ie.p + k, fie dt) (I) 
where k is a scaling constant, p is the proportional constant, k/ the integral constant and ie the 
error current. If we take the first-order digital approximation to this: 
Zout(n) = p.ie(n)+ [Zout (n-l) +kl.ie(n)] (2) 
then the control system is an integer in - integer out system. It must be noted at this stage 
that there are several ways of implementing a first order PI control loop. The accuracy 
obtained by using floating-point calculations is not needed, negating one of the basic 
advantages of the DSP approach. (It has recently been shown that the use of integer variables 
in the control loop is fundamental in eliminating limit cycling, which is a substantial source of 
errors in this application l\ It is however easier and cheaper to implement the Z control loop 
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Figure 3.5. This graph shows the first resonant peak at around 10 kHz of the PZT-5H tube 












The error current input to the Z control system (ie) is digitised using an 8-bit ADC. The 
setpoint tunneling current is of the order of 1 nA. For a very small change in tunneling 
distance, a large change in current can be expected; hence, 8-bit resolution is more than 
adequate. The measured current is then subtracted from the setpoint current to give the error 
current ie in the algorithm shown above. 
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Figure. 3.6. Typical setpoint on the tunneling current vs. tunneling distance curve. 
The output value of the loop (lotin» is passed to a 20-bit DAC and also fed back into the 
control loop as Zout(n-l). The 20-bit resolution is required to meet the requirement of 0.0 I A 
in the Z direction (given that the full scanner range is at least 111m). This fine output 
resolution also helps to reduce limit cycling and co-operative behaviour 32. The DAC output 
has a third order low pass Butterworth filter with a cut-off at 60 kHz. The filter is needed 
because the digital controller is a discrete in - discrete out system. The DAC output has an 
unavoidable zero at half the sampling frequency (the Nyquist frequency). It is frequency 
folded at the Nyquist frequency, hence a post-sampling filter on the output is required. 
The Z controller in our case was implemented using a 33MHz Microchip PIC17c43 
controller, with an 8.25 MbitJs synchronous serial link running to the XY controller. The 
programming of the PIC rnicrocontrollers is simplified by their RISC instruction set. The 











instructions compared to the 58 of the PIC 17cxx series. The Microchip PIC series can also 







Figure 3.7. The Z algorithm, showing the PI control loop, 8-bit current input from the 
tunneling junction and the 20-bit output to the piezo tube. P is the proportional gain constant, 
i is the integration constant and k is an offset adjust constant. 
During any scan only .:1 very small fraction of the full 20-bit range is used to scan the surface. 
It is only during the dp approach stage that the tip is fully extended. This is because no 
tunneling current is measured and the control system tries to compensate by extending the tip 
to contact the surface (0 get a current reading. The coarse distance approach is done by hand 
with a very fine pitd. screw movement. An oscilloscope is used to see when a tunneling 
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Figure 3.8. The Z controller block diagram, showing the data inputs and the DAC output 
with the 3rd order Butterworth LPF. The high-speed serial link is common to the DAC and 











The Z controller soft""are loop executes in 13.3!lS (7SkHz) and a software delay is added to 
bring the speed down to 60 kHz. It can thus be seen that a fast microcontroller can do the Z 
directional control as well as a DSP system, but at a fraction of the cost. 
3.4 DSP implementation 
The previous work l4 was concerned with the implementation of a new control and imaging 
system. A literature study was done to determine the best solution for a DSP based control 
system implementation. First. an off-the-shelf system was looked at, using plug in boards that 
are available from Data Translation48 and Nationallnstruments44• 
The Data Translation board was designed to plug into a standard Pc. It had a TMS320 DSP 
type processor with dual port memory and various DACs and ADCs onboard. It could easily 
be programmed in C to control the STM. It was decided not to use this well designed plug in 
board because of its "ery high cost, which wa. .. outside the available budget for the MTech 
thesisl4. The placing of the analogue circuits in the PC is questionable since the PC produces 
a lot of electrical switching noise. The ADC and DAC circuits on these cards may at best be 
good up to 12 bits unless the analogue circuits are very well shielded. It is better to place the 
analogue circuits with their controllers outside the PC in a shielded box. 
It must be noted that with all the available software that a company like Data Translation48 
and Nationallnstrumtnts44 offer, it is possible to build an off the shelf system but at very high 
cost. This system might be easy to develop because of the visual block diagram based 
programming language of Labview44• 
The next option was to use a small DSP development board that is available from Texas 
Instruments49. These use the TMS320c30 processor with some outside logic, a DAC, an ADC 
and a serial port. The system was too restricted to allow easy interfacing to a STM system. 
The DSP chip had the speed to run the system fast enough, but was Jacking in the 
environment that it was built into. namely the development board. It was available at a 
relatively low cost. A paper that became available near the end of the author's work 
confirmed that this option was the wrong path to follow. Paillard et aP7 used a TMS320cSO 
development board th at is the same as the one that the author considered except for a more 











only a sampling rate of 25kHz. It must be noted that the onboard ADC and DAC were used, 
which were optimized for speech processing. Paillard also noted that the DSP processor still 
had lots of spare processing capacity. The system was priced at US $250.00, which is too 
expensive when it was compared to the cost of producing the PCB with the microcontroller, 
ADC and DAC to foml a Z controller. The cost of the latter worked out to about $65.00. 
A second DSP system was also evaluated. The Analog Devices SHARC 2106x development 
board is a very capable system50• This board was available at US $179 and came with the C 
compiler, C libraries and a simulator. It was finally also not selected because the cost in 
developing the PCB for this DSP chip would have been too high. 
3.5 Multi processor system 
A multi processor system using cheap microcontrollers was also considered. In this 
configuration, each processor is given a simple task to do. The tasks are coordinated by inter 
processor communications or handshaking. The advantage of a multi processor system is that 
the control process can be chopped up into many pieces to give each processor a simple task 
to do. The processors can then communicate with each other to determine which is doing 
what. In this mannel a parallel execution of instructions is obtained without using a fast 
processor that does time slicing to simulate a parallel process. 
In the context of the STM system. a parallel process would occur when the Z control 
algorithm is running and data is read from the XY control system without an interruption to 
the Z control algorithm's execution. 
The choice for the final selection was between an Intel 8051 style processor51 and the much 
faster Microchip PIC17 series of microcontrollers52. Other microcontrol1ers were not 
considered because the development tools for these two processors were readily available and 
the author was familia with these two products. The final choice was based on the fact that 
the Microchip PIC series have more peripherals available on the microcontroller, and that the 
development tools were available from the Microchip company free of charge. This was a 











The PIC17c43 devices that were selected for the project had several features that made them 
very suitable. The most important feature was the 8x8 bit unsigned multiplier that can 
multiply two bytes in a single machine cycle. This was very useful for calculating the Z 
directional control algorithm in real time. The second important feature was the high-speed 
serial port, which can be used in a synchronous mode. In this mode, it generates a data stream 
with a clock signal, which is what the serial 20-bit DAC requires for its input. The third 
feature was the 16 bit wide external bus that was used to load the 16-bit DACs for the X and 
Y directional signal generation. The PICl7 series is also capable of doing low-end DSP 
functions53 . The PIC17 series of microcontrollers are therefore ideal for this kind of 
application when the system was originally designed in 199i4. 
In the previous STM design, the embedded system is only divided between two processors, 
but it was further di vided to make some parts of the system easier to work with and to correct 
some design errors. If the communication to and from the PC is separated from the XY 
control system, a third processor could perform it. The X and Y control processes can also be 
split to put yet a fourth processor in. The inter-processor communications can manage the 
synchronization of the data, but the communications protocol will probably be very complex 
to program. This is described in more detail in chapter 6 where the splitting of the system into 
4 controllers is discus~ed. 
3.6 Hardware Results 
The results of the hardware design were mixed. Several faults were discovered during the 
testing procedure and corrective action was implemented to minimise the effect of these 
problems. Each one of the potential problems and solutions is discussed below. 
3.6.1 Timing problem 
Each component of the hardware was tested and an unfortunate hardware-timing problem was 
discovered on the XY controller during the previous studyl4. The write pulse that the PIC 
microcontroller genef;ltes during its 'table latch write' operation is only 30ns long which was 
20 ns to short to drive the Burr-Brown DAC712 16-bit DAC. This problem can be overcome 











The reduced sampling frequency for the Z controller means that the control loop bandwidth 
was reduced to 42kHz for the unoptimized code. The code was optimized at the beginning of 
the MSc project and the 60kHz Z scan update rate was achieved again. 
3.6.2 Opto·Couplt~rs 
It was found that the opto couplers for the XY controller were not fast enough to give good 
square shaped waveforms at 100kHz. The opto coupler used was the 4N32. This opto 
coupler uses a Darlington pair for an output stage. These opto couplers were changed for 
4N25 devices. which Ilse only a single BJT transistor for their output stage. Slightly better 
results were obtained with the 4N25. They were still not good enough because the waveforms 
began to lose the square shape around only 40kHz. A future design should then use fast 
digital opto isolators like the 6N137. which can handle a data throughput of IOMbitls. 
Again. it was decided not to implement the new digital opto-couplers straight away, but rather 
to wait and do all the corrections at the same time in a completely new PCB layout. The cost 
of producing a single double sided through hole plated board is in the region of R200.00 and 
it is therefore not a good idea to build new PCBs for every discovered mistake. The 4N32 and 
4N25 devices are pin compatible, but the 6NI37 is not pin compatible with the existing PCB 
layout. The new PCB layout will also split the XY controller into three parts. This is 
described in more detail in chapter 6. 
3.6.3 PC·14 card 
The parallel port communications bus formed a major bottleneck. The problem here is more 
software related than hardware related. The Windows NT system has too many security 
checks before the infoJ1nation gets down to the hardware level. or from the hardware level, to 
the user level. The sl!Cond part of this problem is that the Eagle Technology54 software is 
written to comply witn a wide range of hardware and is not designed with high throughput 
speed in mind. The Eagle software is called by functions from the Visual C++ or Visual 
Basic software that the programmer uses. The only feature of the Eagle software apparent to 
the user. is an include file with the function names in it. 
The hardware was tested and a throughput of only 250 Hz was obtained with the Eagle EDR 











taken as the time taken for a low to high to low transition on the output of the card. This 250 
Hz throughput figure shows up as a 125 Hz oscillation on an oscilloscope. It was found that if 
the debug information was removed from the Visual C++ program, then the hardware 
response increased from 250 Hz to 300 Hz. The obtained throughput rate with the EDR 
software was unacceptable for the embedded-system-to-PC data link. The software support 
section of Eagle Technology said that this is an expected figure for the configuration that was 
used. The configuration that is referred to here is the combination of Windows NT and the 
Eagle software. Eagle's software support said that the throughput would have been a lot 
faster under Windows '95. Windows NT was however chosen as the operating system for 
this study because it is a lot stabler than Windows '95. 
At this stage, a cursor y investigation was made of the PC-14 card and it was found that with 
the available hardware it should be possible to run the card at speeds in excess of IMHz. This 
ruled the hardware out as a possible cause for the low throughput. 
Windows NT uses a system of device drivers to communicate between different levels of the 
operating system. It is possible to write data straight to any memory location in a Windows 
'95 system. In Windows NT, the operating system will simply not allow this memory write 
operation without working through a device driver. Improving the throughput of the card 
required a new, purpose-specific device driver to be written. The test software that was 
developed along with the device driver proved that the throughput could be as high as 50kHz 
on a 166MHz MMX Pentium machine that was used by the device driver programmer. If the 
port-write-routines for the Intel 8255 chips that make up the PC-14 card are hard-coded in the 
device driver itself, the throughput jumps up to 550 kHz. This 550 kHz shows up as a 
275kHz oscillation on an oscilloscope. Hard-coding the port-read and write routines in the 
device driver means that the code is in the device driver and not in the user program. The 
data that the device driver collects during a data scan, can then be sent as an array up through 
the NT security layen from the device driver to the user level. The user only gets the results 
and does not control the actual read routine. Most of the software had to be rewritten to 
accommodate the ne"" device driver based interface to the PC-14 card. This means that all the 
EDR software had to he removed from the existing STM scan software. 
On the 486 DX4-100 MHz machine that is used for the STM development the speed of the 











generations of PCs. The way that the 550 kHz throughput and the 170 kHz throughput on the 
PC were obtained is to just switch any port on the PC-14 card on and off as fast as possible. 
These numbers are arbitrary and are just used to learn more about the capability of the system 
under test. 
It was found that the opto couplers had insufficient bandwidth, as was mentioned previously. 
The PC-14 card will read in different values due to the deformation of the waveform. The 
problem was solved by doing several reads of the port and only taking the last read as a valid 
read. The throughput that was obtained was 12.3 kbytes/s with the handshaking signals 
between the PC and th,~ embedded system included. The read sequence is delayed by a factor 
of three and the three bytes are then assembled in a double word. On a Pentium 166 MMX, 
the speed should be 3 23 times faster at 40.4 kbytes/s. It would however be restricted to a 
throughput speed of about 12kHz because of the signal deformation of the 4N25 opto-
couplers. It must be noted that the 12.3 kbytes/s throughput on the existing system is enough 
and no more speed is really needed. It would however be good to send other information to 
the PC, such as also like the actual value of the tunneling voltage or the position of the tip in 
the X and Y space. These features are again not required for the operation of the STM. but 
would be good to have in a future iteration of the hardware and software. 
The factor of 3.23 is derived from previous testing and is an empirical number. If the device 
driver is used to just switch a port on and off, a throughput of 550kHz is observed. This drops 
to 170kHz on a 486DX4-100. 
If the opto-couplers are replaced. the device driver can be recompiled to do fewer reads on the 
device driver level and give an even faster data throughput. The data is then just read once 
instead of three times. This means that the 40.4 kbytesls will jump up to 121.2 kbytes/s on a 
166MHz Pentium based machine. The 121.4 kbytes/s throughput is an absolute maximum for 
the system and is dependent on the bus speed of the PC that is used and the device driver read 
sequence. 
3.7 Recommendations from the previous work 
The best way to implement a fast, low cost STM control system in hardware would be to split 











and still keep the cost down. The alternative is to implement a DSP processor. This means 
that the XY DACs and the communications part must be split. Ideally. the X and Y 
controllers must also be placed separately. 
The next generation of the X. Y and Z directional controllers should be very carefully 
designed to minimize noise in the system. It would be best to construct the whole system 
inside a metal enclosure. The individual components can also be built inside their own metal 
enclosures and all pov.er and signal connections can be made via shielded cable. An example 
of this would be to enclose the sensitive DAC output and filter stage of the Z controller in a 
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Figure 3.9: Block diagram of the proposed system that will replace the eXlstmg XY 
controller. The system is split up into a high-speed interface that does the communications 
between the PC and the various sub-systems. The Z controller stays the same from the 
previous iteration, but the X and Y control signals are now generated from two separate 
control boards. The X and Y control boards are supplied with two 8-bit ADCs each to 











3.8 Software Results 
The results for each section will be considered separately. The software was the most 
important section of the MTech thesis and it took the longest time to complete. The more 
complex the software, the longer it took to get it working properly. 
3.8.1 The Z controller 
The Z control loop is only 119 instructions long and the result is that it is very easy to 
program and test. 
The main problem that was found with the Z directional controller software was when the 
input clock frequency was lowered to 20MHz from 33MHz. The reason for the lowering of 
the clock frequency was due to a hardware-timing problem. The DAC712 chip required a 
write pulse of minimum 50ns in duration at 33MHz the PIC was generating a pulse of width 
30ns, which is to short. The resulting problem was that the execution speed of the Z 
directional controller dropped to 42 kHz from 69 kHz. 
The splitting of the XY controller will have the indirect effect of bringing the clock speed of 
the Z controller back up to 33 MHz and thus the control loop execution speed back up to 
60kHz. 
3.8.2 The XY controller 
The amount of data (hat the XY controller has to handle, coupled with the amount of 
signalling in the 3 kHz time frames, is the downfall of the XY controller. The XY controller 
has to do the X and Y code generation for the raster pattern and write it out to the 16-bit 
DACs. It has to receive 20 data sets of three bytes each from the Z controller, which have to 
be kept or discarded. The 20th set of three bytes must be transmitted to the PC. 
It was found that the existing XY controller slows the whole system because it has to do too 
many tasks. The XY controller should be split into three separate components, namely 
separate X and Y controllers and a high-speed interface that controls them and does the 











3.8.3 The PC software 
The PC software is working satisfactorily and achieved the goal of providing an environment 
for viewing the data and using the STM with ease. It also provided easy storage and retrieval 
of data. and the facility for easy upgrading of the PC software. This is done by means of 
object-orientated programming. 
3.9 Recommendations on the software 
Several problems car be solved with the next version of the STM software. Both the 
embedded software for the Z and XY controllers. and the PC can be improved. The main 
software upgrades are described below. 
3.9.1 Embedded system 
The PIC microcontroller software was written to produce software modules that can easily be 
used to create new software for the STM embedded system. It is suggested that the X and Y 
control is done on separate microcontrollers. The X. Y and Z controllers will then be 
controlled by a master controller that will also do the interfacing to the PC. 
The communications interface can be equipped with a circular buffer to hold the incoming 
data from the Z controller. It will keep sending the data from the buffer unless it has some 
other housekeeping ta ,ks to do. 
3.9.2 PC software updates 
The PC software has only the very minimum of functionality. The online help file system 
must still be constructed along with a better system for setting the various variables of the 
STM. It is possible to place menu options that are used a lot on the shortcut menu list. or to 
make the menu available with a click of the secondary mouse button. 
More functionality can be added by using the functions that are available via Matlab. These 
would include convelting the image from raw data to a TIF or JPEG formatted image. A 











that the line-scan type image be transfonned into a relief type image. This type of image will 
show the surface topo!!raphy better. 
It is also possible to program the embedded system to restart itself without a reset by just 
forcing the controller to wait for a download when it has finished scanning the required 
number of data points. 
The bottom line with the PC software is that it needs a lot more functionality and the way the 
infonnation is presented must be improved. 
3.10 Conclusion from the previous work 
The combined effect of this was that cheap processors could be used while still maintaining a 
very fast execution time for the embedded system. The cost of the two PIC17c43 processors 
with their "glue" logic was still below the cost of a single DSP processor when this system 
was originally designed in 1997 14 • Currently with new technology. it is not the case anymore 
because the price of DSP processors has dropped to the level of $2 per piece. The 
perfonnance advantage comes from the ability to make the system modular. In this way 
components like the XY controller can be removed and replaced with a different module, 











Chapter 4: STP implementation 
4.1 Introduction 
This MSc dissertation is about the implementation of the full STP capability in two 
dimensions and at high frequency, with the associated control and scan electronics. Currently 
the STP circuit operales at 50 kHz; this must be upgraded to at least IMHz with a later 
iteration. The reason for this is to make use of the skin effect to try to obtain a sub-micron 
image of the material structure below the surface of the specimen. As the frequency increases 
(of the voltage applied across the surface of the specimen) the penetration depth of the current 
decreases. By decrea,ing the skin depth, with increasing frequency, it is possible to take 
progressively thinner 'slices" through the material of the specimen. By combining these 
different images, a three dimensional image of the sub-surface structure of the material can be 
generated. 
There is no instrument in the world that can do the tomography at the moment. The use of a 
transmission electron microscope (TEM), will give you the structure of the bulk of the sub-
surface structure, but not a three dimensional image. The STP technique has potential 
applications in the semiconductor industry. 
4.2 Implementation of STP 
During STP measurements, if a DC bias is used for the tunneling current, the tip position (in 
the Z direction) becomes dependent on the tunnelling voltage at that point on the specimen 
surface. The control loop compensates by adjusting the tunneling distance so that the correct 
tunneling current is flowing again. This means that a change in potential would not be 
distinguished from a variation in specimen height. The contributions from AC components 
can however be easily separated out from the tunneling current. The DC current component 
that is extracted from the tunneling junction is used to obtain conventional topographic 
information. The following four figures show the effect of an AC and DC bias on the surface 
of the specimen. The specimen surface shows an electrical field distribution on the surface 
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Figure 4.1 Effect of a DC bias as it is used in S1M topography scans. The area • A' is an 
electrical field caused by the bias. 
Varying field due to grain boundaries 
~--------~0v~----------~ 
Figure 4.2 The effect of an AC bias across the specimen surface. The electrical field is 
caused by the grain boundaries in the material, which has a resistance to the current flow in 
the material. The AC bias has two contact points on the surface of the specimen; hence there 
is a current flow across the surface. 
S1M tip and 
piezo scanner 
~----------~0v~------------~ 
Figure 4.3 The effect of an AC only bias on the Z feedback loop. The Z controller does 
not "see" the topography of the surface of the specimen, but rather the electrical field caused 
by the grain boundaries in the material. This causes the controller to settle at what it thinks is 
















Figure 4.4 The effect of a DC and an AC bias over the surface of the sample. The Z 
controller filters out the AC component and only uses the DC bias to determine the correct 
distance(d) above the surface of the sample. 
The usual way of doing STP is only in one direction on the surface plane. An assumption has 
to be made as to the electrical connectivity of the sample surface in the direction 
perpendicular to the varying vOltage11 . The direction in which the AC signal is applied may 
not be the direction that contains the best potentiometric information. An example of such a 
problem material is graphite. By applying a second electrode perpendicular to the first set in 
the plane of the specimen, and applying a slightly different AC signal to the AC signal across 
the sample, scanning tunneling potentiometry in two dimensions can be done55,56,57. This set-
up creates a set of signals that is orthogonal. In our system, the first AC signal is at 50kHz 
and the second is at 51kHz. The two applied signals are at different frequencies to enable the 
synchronous detector to distinguish between them. 
The frequencies for the STP were chosen to be as high as possible to enable maximum use of 
skin effect. Skin effect increases current flow close to the surface, which causes the surface 
potential to more closely reflect the near surface potentiometric information rather than the 
bulk resistance. The potentiometric information for both the X and Y directions are extracted 
simultaneously using a demodulation circuit. This is shown in Figure 4.5 along with the 
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Figure 4.5. The configuration of the STP circuit. The application of two spatially 
orthogonal signals across the specimen surface can be seen. The same tip is used to 

















Figure 4.6 Drawing of the X channel of the 50kHz STP circuit. The high pass filter on 
the input of the detector circuit can be clearly seen. This is followed by an amplifier and an 
analogue multiplier that multiplies it with the signal generator signal. This is then low pass 











The diagram in Figure 4.6 requires some more explanation. The signal from the Z pre-
amplifier contains both the DC and the AC components of the signals that were applied to the 
specimen. The STP analogue detector circuit requires only the AC part. For this reason, a 
high pass filter can be added that blocks the DC. The cut-off frequency is 20kHz in this case, 
because the lowest applied AC signal is at 50kHz, hence anything below a half of the lowest 
applied STP frequency can be filtered. The AC input of the detector is then amplified by a 
factor of 100 using a wide band LM6361 op-amp. That output is then fed into one input of 
the analogue multiplier. The other input for the AD63350 multiplier comes from the signal 
generator that is applying the orthogonal potential to the sample. The multiplication process 
produces various products at the same time, only the required signal must be retained and the 
rest must be filtered out. The required output from the analogue multiplier is a difference 
signal, but the process also produces a sum of products signal. The sum and difference can be 
explained as follows, where potential A comes from the tunneling pre-amplifier and potential 
B from the associated signal generator: 
(3) 
Where ro is the frequency of the signal and 4> is the phase of the applied signals, and A and B 
the amplitude of the applied signals. This is multiplied together and reduces to 
(4) 
A low pass filter is used to remove the right hand term, and we are left with only the 
difference term. 
(5) 
= '12 A B [cos (a.t + 0)] (6) 
For small phase differences and a small difference between the applied frequencies, cos(a.t+o) 












The B signal is applied from the signal generator and is constant in amplitude; however the A 
signal is a detected signal and any change in the amplitude of 'A' will be due to the desired 
potential contrast in the specimen. 
The applied signal from the signal generators can vary from 50 kHz to 1 MHz as long as the 
signals are orthogonal. This means that at the output of the analogue multiplier, a (2 kHz) low 
pass filter can be added to get rid of the sum and product signals. The signal is then 
multiplied again by a factor of 100 to get it into the range of the analogue to digital converter 
that is used to sample the signal. The only difference between the 50kHz and the IMHz 
detectors is the actual multiplier that is used. For the 1 MHz detector, a high frequency 
multiplier must be used, such as the AD734 instead of the AD633. 
A first detector was constructed on Veroboard using the AD633 analogue multiplier. It was 
only tested up to 50kHz since the multiplier IC has a bandwidth of I MHz. Results for this 
circuit are presented in Chapter 7. The second multiplier circuit was constructed using an 
AD734 analogue multiplier. This IC has a bandwidth of IOMHz. The second detector was 
placed on a PC board with lots of shielding in the form of shielded cable, and a massive 
ground plane. Like the STP measurement boards, it was also made compact enough to fit into 
a standard shielded metal box. A photo is shown in Figure 4.8. 
Figure 4.7 Photograph of the AD633 based STP detector that was built on Veroboard. 
The signal comes in from the left-hand side and is first amplified, then multiplied before it is 
amplified again on the right hand side. Both X and Y channels are shown; the X channel is 










Figure 4.8. Photograph of the AD734 based 1 MHz detector. The wires are attached to the 
terminal blocks to help with easy removal of the PCB from the enclosure. The 103 Z pre-
amplifier is also included on this board to improve the signal distribution. It is visible on the 
left side just above the large cluster of capacitors. The diode banks on the right-hand side are 
there to ensure the signal is kept below the 5 volt input threshold of the sampling ADCs. The 
two AD734 mUltiplier ICs are visible as the 14- pin devices to the right of the photo, one for 
the X channel and one for the Y channel. 
The second multiplier was only tested to ensure that the power connections and signal 
pathways are working, but was never tested as part of a STP system. This was due to time 
constraints placed on the author. The board is however operational and will give low noise 
results when used in a future iteration of the system. This thesis was meant to only prove the 
concept of high frequency STP. Both the STP detector circuits that is shown in figure 4.7 and 
4.8 consists of 2 channels, one for X and one for Y. The connection diagram for 2 channel 
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Figure 4.9 Position of the Analogue detector in the STP measurement system. This 
diagram shows the complete STM/STP configuration of the system. This can be compared to 
Figure 2.1, which only shows the STM configuration. 
4.3 Skin effect re-visited 
By changing the frequency of the potential that is applied across the surface, the penetration 
depth of the current can be controlled. The signal wavelength becomes shorter as the 
frequency increases. When this signal is applied to a specimen, the signals beyond a certain 
point are attenuated rapidly giving rise to the skin effect. The skin depth is a measure of how 
deep the current penetrates into the surface of the material. The calculation for the skin depth 












wherefis frequency in Hertz, J.L is the permeability of the material and ais the conductivity of 
the material in S/m. 




A graph of the skin depth for various materials is shown in Figure 4.10. The values for the 
permeability and the conductivity are available in standard tables. The drop off in skin depth 
can be seen clearly With an increase in frequency. In Figure 4.11 the frequency range from 
100kHz to 10 MHz is shown in more detail. The high range of the frequency from I MHz to 
10 MHz clearly shows that the skin depth has not yet reached zero. 
From Figure 4.11, we can determine the useable range of frequencies for the STP scans. If 
we look at the graph for silicon, we see that at frequencies above 1 MHz the curve is quite 
flat. There is thus no point in using frequencies above 1 MHz because the reduction in 
penetration depth is wry small. 
The modelling of penetration depth will be complicated if a mixture of materials is used. This 
might be the case in a metal insulator composite. For example, the curve in Figure 4.11 
shows that the 3 db point of gold and silicon at 100kHz differ by about 50llm. This must be 
kept in mind whenever an image set in the X and Y directions is analysed. STP gives 
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Figure 4.10 Graph of skin depth versus frequency. The decrease In skin depth can be 
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Figure 4.11 The frequency range from 100kHz to 10 MHz clearly shows a usable range for 
the application of the STP technique. Above 1 MHz, some materials like silicon show only a 











4.4 A simple model of STP tomography 
A simple model is presented below to highlight some of the issues in STP and tomography. 
This explanation can also be used as a basis for interpreting the images that will be presented 
in Chapter 7. 
In the first image we use a low frequency and hence have a high penetration depth. The STP 
scan should show something similar in the top view. It must be noted that the blob on the 
right side of the top view is due to a small grain in the material. If it is compared to Figure 
4.13, it is seen that the top view of the grain on the right side is unchanged . It would probably 
be impossible to determine whether the little circular grain on the right side is as it is shown 
or whether it is a tubular structure in the side view. A tubular structure will show up as a 
circular blob on the top view in both the low and high frequency cases. 
Top-view 
Side view 
_______ --l ~ 3dB point 
Figure 4.12 This is a possible image (top view) that might be obtained from the STP 
system. The side view of the specimen is also shown to show what sub surface structure will 
cause the obtained top view. This image is for a low frequency and a high penetration depth. 
It must be noted that the horizontal line that is used to indicate the depth of penetration is 
actually the 3dB point of the signal that is applied over the surface. The -3dB or half power 
point is an engineering term to indicate at which point the voltage level has dropped to 0.707 
of its original value. The implication of this for the image processing is that there will be 











likely that similar features would produce different strength potentiometric information if they 






Figure 4.13 This shows a possible image that could be obtained from the STP circuitry. In 
this case, we have a high frequency and a lower penetration depth than in fig. 4.12. Note the 
apparently reduced size of the feature on the left 
In short, a STP scan of the same area, but at different surface frequencies would produce 
different information. This extra information has to be interpreted very carefully because of 
the complexity of the AC current penetration into the material, and the subsurface 
connectivity of the material. 
4.5 Conclusion 
This project will continue the investigation on the possible application of high frequency STP 
and the use of skin effect as a valuable tool to determine sub-surface material structure. The 
images obtained from these scans will then be used to determine whether the basic STP circuit 
is working. The frequency will then be increased in steps up to a maximum of 1MHz. Higher 
frequencies are possible as shown in figure 4.11, but the detectable increase in skin depth is 
getting smaller, because of the a nature of asymtotic curves. These will then be post 
processed using an image-processing package. The results will then be compared with the 
expected results as suggested in Figure 4.12 and Figure 4.13. Various types of information 
can be obtained from the scanned images. A test of the technique is to look for evidence of 











they have previously been measured using SEM images. In addition, the process by which 
the material is formed produces grain sizes of known size. This information can be used to 
determine whether we are seeing below the surface of the sample or whether there is some 
other mechanism at work that prevents us from seeing below the material surface. 
If sub-surface imaging is possible then these images can possibly be combined into one image 
and be used to do STP tomography. The technique of tomography is that several images are 
combined to form one three-dimensional (3D) image of the object that is scanned. The 
tomography is not part of this thesis but it would be interesting to know whether it is possible. 
The use of STP tomography has potentially huge applications in the semiconductor industry. 
The standard track size in modern high power processors is in the order of O.lllm. This is 
well within the scan range for the STP scanner. With the tomography, the end user can then 
build up a 3D image of (say) a CMOS memory cell, to see how deep the penetration of the 











Chapter 5: Pre-amplifier design 
5.1 Introduction 
The pre-amplifier of a STM system is very important to get the good and clean signal required 
to run the PI controller to get the topography measure of the surface that is being studied62. 
For the STP implementation an extra constraint is added in that the STM pre-amplifier must 
also have some bandwidth available in the order of several tenths of kilohertz. The usual STM 
pre-amplifier bandwidth is less than 100 Hz\,2,5,9. This is a result of the trade-off between the 
very high gain required (109) and the bandwidth required, and the noise induced into the 
signal. 
5.2 Noise sources 
There are several noise sources in the STM pre-amplifier as is shown in the drawing below62• 
Figure 5.1. Noise sources in the STM pre-amplifier. The basic configuration is that of an IV 
converter with the parasitic capacitance of 0.2pF. This value is obtained by measuring the 
response of an actual STM pre-amplifier and then calculated backwards into the amplifier 
what the capacitance for t his configuration will be. lin is the tunneling input current, and VOU! 
is the voltage output of the gain stage. 













Where.1f is the bandwidth [Hz], 
k is Boltzmann's constant [A.s], 
T is the temperature in Kelvin, 
R is the resistance [0.], 
Vn is voltage noise from the device datasheet [nV/«Hz)Yl)], 
In is the current noise from the device datasheet [fA/«Hz)'/l)]. 
It must be noted that the voltage noise is always constant, whereas the current and resistor 
noise is dependant on the actual resistor value that is used in the amplifier. The resistor noise 
is also further dependant on temperature. 





Figure 5.2. This is a graph to show where the respective noise sources are relevant. From the 
origin to point A, the red line shows only the voltage noise which is constant at all resistor 
values. At point A the resistor noise starts to playa role and is shown as the blue line section 
of the graph. It is shown together with the voltage noise (resistor noise + voltage noise). At 
point C the current noise is becoming significant also and is shown together with the voltage 
and resistor noise as a green line. The black line represents the total signal to noise ratio at 
the different resistor values. It can be seen that above point B, the signal to noise ratio drops 
significantly. The two values that are shown are calculated for this application. 
As was mentioned before, the voltage noise is constant for all resistor values. Then it can be 
calculated for a certain amplifier where the resistor noise is playing a role. For the amplifier 











At point A the voltage nOlse is equal to the resistor noise. Therefore: 
(11) 
Which re-arranges to 
(12) 
The same is done where the resistor noise is equal to the current noise and we get 
(13) 
This gives the two resistor values for point A and point B. The values for IN and VN are from 
the datasheet of the OPA604. RA is equal to 13.S9kQ and RB is equal to 100 and these two 
values represent the two values where the resistor noise is more dominant. This also sets the 
range of the values for the feedback resistor that is used in the first stage of the pre-amplifier. 
The actual resistor used has a value of lMO, which is between the values of RA and RB• 
According to figure 5.2, the signal to noise ratio below point A would also make for a good 
solution, but it must be pointed out that the feedback resistor would be too small for this 
application. 
5.4 Amplifier layout 
The final amplifier layout can be seen in appendix C. The first gain stage is very fast and has 
a high gain, but not too high so that some bandwidth is retained on the output of the system. 
For the STM height controller the next gain stage will limit the bandwidth to roughly 1kHz 
before it is sampled and used in the Z controller. The STP functions multiply the signals 
together; hence the high bandwidth signal must still be used for the STP inputs. 
5.5 Strategies for reducing the amplifier noise 
The amplifier noise can theoretically be reduced by reducing the resistor value, the 
temperature, and by choosing an amplifier stage that has a lower current and voltage noise 











change the resistor or the environment temperature. Again the resistor value is fixed for a 
given required gain. The need is to have a high gain in the order of 109 so that there is not a 
possibility in changing the resistance. 
The only variable that can change is the temperature of the environment, but this must be 
done carefully. If it is lowered by say 50 K from room temperature at 294K to 244K by using 
a cooling unit (i.e. Peltier effect, ammonia cycle etc.) it will reduce the noise by the square 
root of the temperature reduction. The new problem that arises by doing this is that it 
generates multiple thermocouples because of the temperature differences between two 
different metal surfaces (i.e. solder to copper lead). A thermocouple generates a voltage 
because of the difference in temperature between two metal surfaces. This difference in 
metals will cause a potential difference and this will influence the measurement of the system 
as a whole. This thermocouple effect occurs at all temperatures, but for a system at room 
temperature the system is in equilibrium and can easily be compensated for. If the resistor of 
the pre-amplifier is cooled down, the complete set of electronics must be cooled down. Since 
the STM scanner is to be used in air and at room temperature, the cooling of the pre-amplifier 
to reduce the noise will complicate the system, and push up the overall cost of the system. 
One of the aims of this STM is to keep the cost to the minimum. It is therefore not used in this 
STM. 
5.6 Conclusion 
Although the noise level can be reduced by reducing the temperature of the system, the cost of 
the complete solution must also be kept to a minimum. This leaves us with a low noise, low 
leakage current, pre-amplifier that is suitable for wide bandwidth and high gain applications 
like STP measurements. The amplifier frequency response will be shown in a later chapter 
along with the results of the STP scans to show that this project produced a suitable pre-











Chapter 6: A redesigned embedded data acquisition 
system 
6.1 Introduction 
This chapter describes two new iterations of the data acquisition system. The project started 
with the data acquisition system as it was taken from the previous studyl4 and tried to improve 
the software as a first step to learn more about the requirements of a new implementation. 
The new system that was proposed in the previous study was then implemented and tested. A 
picture of the corrununications interface between the system and the PC can be seen in figure 
6.1. The X and Y directional controllers were also split into 2 separate parts and can be seen 
in figure 6.2. 
Figure 6.1 Photograph of the parallel interface to the PC. This board is also the master in 
the system of four microcontrollers. The two parallel interface links to the PC are visible on 
the left. The parallel cable that is visible on the front is for signalling to the other components 











Figure 6.2 Photograph of the STP boards where they are connected together in their stack. 
Each board has a 16-bit DAC and two 8-bit ADCs. All the extra signals like the counter, 
PWM and capture signal pins are extended onto the headers. 
This system was then developed and tested along with Visual C++ code and is explained in 
this chapter. The Visual C++ code was the same as in the previous study except that the STP 
data was now also stored. However some problems proved difficult to solve with the 
communications interface to the PC and the PC program. The reasons for this will be 
explained later in this chapter. This prompted the redevelopment of the PC software and the 
communications interface to the Pc. The parallel port was changed for a serial port and the 
PC software was rewritten under Labview. A picture of the new serial based communications 
interface can be seen in figure 6.3. The rest of the system stayed the same, no changes were 
made in the X, Y or Z controllers to accommodate the new serial based communications 
interface. 
This chapter will first describe the parallel-based communications interface, and the 
associated PC software, then followed by the X and Y directional controllers. This will then 











Figure 6.3 A photograph of the PIC18C8720 based system that communicates to the PC 
via RS-232. The processor is seen in the middle with the RS-232 chip and the connector 
visible on the right side. The connector on the middle top is connecting the X, Y and Z 
controllers to the communications unit. The wires on the top left side are the programming 
interface for the flash memory of the processor. 
6.2 Parallel-based communications interface 
The new parallel communications interface was designed to act as the interface and control 
board between the PC and the rest of the embedded system. During the author's previous 
iteration of the electronics 14, it was suggested that the system be split up into several more 
microcontrollers. It would theoretically simplify the system by giving smaller tasks to each 
microcontroller. In this case, the XY controller would have been split up into a 
communications interface to the PC, an X direction controller, and a Y direction controller. 
The Z controller would then stay unchanged on it's own microcontroller, as in the previous 
iteration 14• 
The parallel based interface uses many features that were found on the previous iteration of 
the interface board. The previous board was called the XY controller and did the X and Y 
directional control for the S1M also. The interface to the PC consisted of an optically isolated 
parallel link to a PC-14 card inside the Pc. The new high-speed communications interface 











interface can transfer more data, and the fact that a custom written device driver was available 
to do the data handling for the system. The device driver was previously written by Bernard 
Kuc for the author's MTech research at the Cape Technikon 14 
The device driver usually sits between the hardware and the operating system, thus enabling it 
to operate extremely quickly because it can command more of the CPU time (of the PC) than 
the operating system. It does not have to request execution time from the operating system 
(as an application that sits on top of the operating system, has to do). A feature of the device 
driver that makes it very useful is the custom read sequence that was programmed into the 
system. This method uses the device driver to read a thousand bytes of information and then 
passes this information as an array to the application program level of the operating system. 
Using this method very high transfer speeds can be obtained (in the order of 40 kbytes per 
second). An additional description was given earlier in this thesis in Chapter 3. 
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Figure 6.4 A drawing of the high-speed communications interface, showing the signal 
flow paths and the signals that is used to control the rest of the system. The high-speed serial 












Currently the high-speed communications interface (HS_CI) consists of the parallel port 
interface, the synchronous serial interface and a set of latches that is used for data 
manipulation. Each of these will be discussed below along with a section on the software 
interface that is requin!d. 
6.2.1 Parallel interface to the PC. 
The new configuration for the parallel interface uses the 6N 137 digital opto-coupler to 
interface to the Pc. This opto-coupler can handle transfer speed up to 10 Mbits per second. 
The previous interface could not handle the throughput because the 4N25 devices that were 
used deformed the signals, causing errors and incorrect data to appear on the Pc. The reason 
for using opto-couplers is the noise isolation that is required from the PC. Tapson 13 proved 
that the PC ground lines (digital and analogue) are the source of large amounts of noise in 
S1M measurements. Up to 100 m V of noise can be measured, corresponding to a least 3 bits 
in a typical 8-bit ADC range. By separating the ground lines, and using a separate power 
supply to power the measurement electronics, a very low level of noise can be observed. 
Only the one side of the interface uses these fast opto-couplers. The download side from the 
PC to the interface still uses the slow 4N25 and Toshiba TLC0732 because the setup 
information from the PC does not require expensive and fast components. 
During a scan a sustained rate of about 12 kbytes per second is achieved, which is fast enough 
for the existing system that scans at a rate of 3 kHz in the lateral direction. The data that is 
sent to the PC is bit rf,versed because the Z controller uses the PCM1702 DAC that wants it's 
data transmitted MSB first. The solution to sending the bit-reversed data to the PC is to wire 
the output port in a bit reversed pattern, and thus reversing the bit reversed data. The PC then 
gets data that is fonnatted correctly. This has the effect of not adding any processing 
requirements to the system. The schematic diagram for the system is shown in appendix A. 
6.2.2 Common serial bus 
The four microcontrolJers communicate on a common synchronous serial bus with each other. 
It works on a master slave protocol that requires each processor to grab the serial bus master 
mode when it is its turn to transmit. The process starts by placing all the processors in slave 











high speed communications interface will be in a master mode with it'! transmit activated. 
The process as it happt:ns further on is explained below by means of flowcharts. 
Get setup data from 
PC and store it. 
Send data to X. Y 
Z controllers on 
serial link 
Set Sync serial link 
to receive mode 
Set "Go" signal to 
start scanning the 
surface 
Figure 6.5 Flowchart to show the program flow before a scan is started. The setup data is 
received from the PC and then distributed to the various parts of the system to configure them. 
Now here is where a rather big problem comes into play. The previous four bytes were 
generated by the Z controller and the fifth and final byte was generated by the STP controller. 
The four bytes from the Z controller are sent in a bit reversed (MSB first) format. This is 
easily corrected by wiring the parallel output port in a bit reversed format (see appendix A). 
If the fifth byte is bit reversed in the parallel port it will be difficult to correct it once it is in 
the PC. The first four bytes are however correct after it passed through the parallel port. To 












Send two bytes to Z 
controller (P and I 
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Wait for serial TX to 
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Send initial X 
position to STP 
controller (16 bits) 
Wait for serial TX to 
complete 
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controller (16 bits) 
End of 
routine 
Figure 6.6 Flowchart of the setup information being distributed to the various subsystems. 
It can be seen that the basic process is quite simple; the only requirement is to check that the 
serial port does not overflow. To prevent this, a small time delay is added after each data 
transmission. 
The result that is read from the double latch is the bit reversed 8-bit ADC STP value. This 
actual code implementation is very fast and efficient and takes only seven lines of assembler 
code to drive the hardware. See Appendix A for the schematic diagram and Appendix F for 
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Figure 6.7 A timing diagram of the five~byte serial stream that is transmitted at 60 kHz. 
Each data byte is tram,mitted MSB first except the last one which has to be bit reversed first. 
The time of the interrupt signal being generated and the response of the system can be seen 
along with the signals that the system generate to force the STP controller to transmit the STP 
Y directional information. 
6.3 STP measurement board 
The measurement of the analogue parameters such as the STP analogue detector signal is 
done by the STP boards along with the raster pattern generation. Each STP measurement 
board has two eight-bit ADCs, a l6-bit DAC and a PIC l7c4x microcontroller onboard. The 
board was designed to be very compact and to be reusable. This means that all the required 
port pin connections were brought out to headers. In the following sub sections, the complete 
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Figure 6.8 Diagram of the X directional STP board with the signalling and data 
acquisition pathways shown. The signalling wire to the interrupt pin forces an immediate 
transfer of STP data onto the serial bus, the setup wire that connects to PortB tells the system 











6.3.1 Accessing the serial port 
The serial data transmission is requested by the high-speed communications interface by 
toggling various pins on the STP microcontroller. In the case of the STP measurement data, 
the interrupt pin on PORTA is toggled to indicate to the STP controller that the 
communications interface is requesting the data for the second STP channel. The first STP 
channel is on the Z controller and that data was transmitted as the fourth byte in the serial 
stream. 
Receive 4 





Figure 6.9 Flowchart showing the sequence of events to get the 5th byte in the serial 
stream from the STP controller. The communications interface will send the trigger signal to 
the STP board to get the data byte. 
6.3.2 Generating the raster pattern 
The raster pattern is generated following a request from the HS_CI. This request was 
implemented by using one of the port pins on PORTB and generating a peripheral interrupt on 
the port pin changed feature of the microcontroller. 
There are two STP boards and both have the same software on them. The way that they are 
different is very small. Each of the two STP boards uses one of the port pins to determine 











and depending whether pin 5 is tied high or low, they will determine which of the two STP 
boards will react to the setup information that is transmitted on the common serial link. This 
means that both STP boards use the same pins to trigger a DAC advance, but the HS_CI uses 
separate cable connections to trigger only the required system. In this way irregularly shaped 
scan patterns can be generated. 
Load start position 
and reset counters 
Call DAC routine 
to move tip 








negative edge of 
the PortB pulse 
Figure 6.10 Flowchart of the interrupt routine that is triggered by a change on port pin 
feature of the microcontroller. The interrupt gets triggered by both the positive and negative 
edges of a pulse. This is tested for, and on a positive edge, the DAC routine is called. Once 
the end of the scan line is reached, the counter overflow will cause the counters and DAC 
position to be reloaded. The sequence of events are the same for X and Y controllers, but is 











6.4 Scheduling of the various tasks 
The scheduling of the various tasks that have to be performed can make a huge difference in 
the operation of the mkrocontrollers, and on how fast they perform the tasks at hand. In order 
to understand this, it is vital to break the tasks into three separate sections; those tasks that are 
time critical and that must be performed every 60us, those that are normal priority and must 
be performed outside of an interrupt, and those that are of low priority and can be done when 
no other task is executing. The time critical tasks are normally added in an interrupt service 
routine where they can be controlled by a timer interrupt or other regular interrupt from (say) 
a timer. The normal ta"ks are executed between interrupts, and the low priority tasks are just 
implemented as house keeping tasks. These are sneaked in between normal tasks if the normal 
tasks are waiting for interrupts or other external signals to be triggered. This can be done 
because it will take a few microseconds before the PC will assert the pin to the state that the 
instruction will be testing for. 
In the previous iteration of the embedded systeml4 the downloads took 3 bytes per download 
to the PC, but in the new system it has to transmit 5 bytes to the PC and still keep the same 
download speed. This was done by scheduling the various tasks so that instead of 
incrementing the DAC', then waiting for 10 readings to arrive, and then transferring it to the 
PC, the signalling was modified to be of a different priority level. The DAC was placed at the 
start location and then the scan was started. After the minimum required number of data sets 
was received, the last data set was transferred to temporary storage and the DAC was 
signalled to move the tip. While the tip was moving to a new position, the five bytes were 
downloaded to the Pc. By the time this download was finished a brief check was done to 
determine that a set number of data sets had arrived as minimum before the PC transfer is 
called again. In this way the data transfer rate was maintained at 12kbytesls. This means the 
486 PC was now the bottleneck in the system, and not the embedded system because the 









































Figure 6.11 Gant chart showing the execution times of the various tasks at hand that have 
to be executed. The four main activities for the high-speed communications interface are 
show in this diagram. Green, yellow and red blocks inclicate the program sitting in a 
subroutine. After the processor boots up, the tip is positioned, the scan is started and the first 
serial data is received; right after this, the data transmission to the PC is started. At point B, 
the fifth byte that will be sent to the PC, is bit swapped and the raster pattern is incremented. 
After the download to the PC is completed, various housekeeping tasks are done and the 
process is repeated. At point C, it must be noted that the serial port interrupted the working of 
the bit swap, resulting in that section of code executing longer. 
There are other ways of designing the code, but this method was the easiest to implement. 
Other methods could be a time slicing system that gives equal amounts of processing to 
different tasks, or even rearranging the tasks at hand to save a complete scan line in memory 
before downloading it to the Pc. Time slicing would create more problems because not all the 
tasks at hand are of equal length, and the synchronising would have posed more problems. 
The scheduling of the tasks also takes up lots of processing power, which means that a more 
powerful processor has to be used, hence increasing the system cost. Another method is to 
save a complete scan line of 5 bytes for each of 256 data points, which is equal to 1.25 Kbytes 
of data, in external memory. This has to be done using a table write operation in the PIC 
series, which takes some time. It also means the scan has to be halted at the end of each line to 
do a transfer to the PC so it is not very efficient. 
It is better to transfer each data point immediately to the PC because that has the effect of 











6.5 Serial interface to the PC 
The PC interface was given an extra iteration and the 486 based PC system was removed, and 
replaced with a 10Hz Pentium 3 after a gap of several months, and the high-speed 
communications interface was removed also. In its place was put a serial link that runs at 
115.2kbits/s in a RS-232 protocol. This is the maximum speed for this protocol. The reason 
for the change was that the 486-system was too slow, and could not run a modem 
development environment like Labview44. The parallel data ports using a PC-14 card were 
designed to get high data throughput on this slow PC, which worked well but in the 
intervening months, the average PC became very fast and hence new and better options 
became available. The 12kbyte/s of the parallel system is equal to 96kbits/s, hence the serial 
and parallel based systems are of approximately equal speed. 
The new interface board uses the exact same software that the previous iteration of the high-
speed communications interfaced used, except the data is not transferred in parallel but in 
serial. The actual assembler code is the same except for a few register name changes. The 
processor that is used for this is the PIC 18c8720. The PIC 17 series devices control the X, Y 
and Z directional scan movements as before. The microprocessor board now links to the PC 
via RS-232, and on the PC there is a Labview interface that controls the serial port reading 
and writing functions. At the speed of 115.2kbits/s the serial link is fast enough to handle the 
data transfer requirements of the STM system with the STP functions. The PIC 18c8720 has 
several serial ports; thl~ first is now used as an RS-232 port to the PC, and the second is 
configured as a synchronous serial port running at 8.25Mbitls to communicate to the X, Y and 
Z movement controllers 
The serial interface is also renders the bit-swap function that was implemented in hardware 
obsolete. This is now done in software under Labview. The Labview source code is provided 
in appendix F. A picture of the serial communications interface is provided in figure 6.3. 
6.6.1 New PC software 
New PC software was developed to aid in the pre-processing of the STM and STP data. This 
software was developed in Visual C++ and was made available as three separate programs. 











data and STP Y directional data. The new data file contains only the required data. is then 
saved with an appropriate extension name to indicate what type of data it contains. Each 
program was also given the ability to display the data in a line type display. This helped in 
deciding which data will be post processed on a Sun workstation. Only data files that looked 
promising were proces~ed. to save time, but when the user has more time available. it would 
be advisable to process all data to see if there is something interesting in the not immediately 
interesting data files. 
The STM software data handling was also changed to store the STP data correctly. The STM 
data and STP data now alternate in the data archive. The display routine was also optimised 
to make the display more appealing and understandable. 
6.6.2 Labview based PC software 
After the experience gained in the intervening time, the Visual C++ interface was dropped in 
favour of a Labview44 program. The Labview environment gave more options for designing 
attractive graphics, and for giving the imaged surfaces immediately without the need for post 
processing on a workstation like such needed for the Visual C++ interface. The Labview 
environment is also rullS on a IGHz Pentium Laptop, and gives excellent performance. The 
added feature of Labview is that the program flow of the system can be seen because the 
programming environment is based on block diagrams. This makes the understanding of the 
program much easier, and anybody with a basic understanding can read the program and 
immediately understand it. 
The older versions of labview were slow and Visual C++ had the edge over Labview when it 
came to speed of execution. This was especially true for the 486 based PC that most of the 
previous work l4 and a large part of the current work was done with. Labview version 6 is 
much faster because National Instruments44 has optimized it. If used on a lGHz Pentium 3 
machine, the speed advantage of Visual C++ for this application is lost. The emphasis is 
shifted to ease of programming and programming time. In both of these cases, Labview is 
much better than Visual C++. The current STP Labview interface was programmed in one 
day and one afternoon, and includes the graphic displays, the serial port routines, the arrays 
that stored the data, and the routines to save the data. The Visual C++ interface in 












A new data acquisition system was designed to replace the existing system that was designed 
as a second iteration to the system that was designed by Tapson13• This third iteration of the 
electronics delivered a system that could still be modular, but had the advantage of being fast. 











Chapter 7: Results 
7.1 Introduction 
The results of this project were mixed. The parts of the project that were successful were the 
high frequency wide bandwidth pre-amplifier, the design of a high frequency detector circuit 
for STP, the optimisation of the Z controller software, the design of a data acquisition and 
control system for STP, and the study of the effects of current penetration into the material 
surface. The wide band, high gain pre-amplifier, and skin effects were described in Chapters 
4 and 5. The assembler code for the optimised Z controller is available in Appendix F. The 
parts that were less successful were the choices of configuration of the data acquisition 
system. This is however also a useful result in another sense because it is now known where 
the decision boundary is between a single microcontroller and several microcontrollers that 
are networked together on a serial bus, and a DSP solution lies. This will be discussed later in 
this chapter. 
7.2 Embedded data acquisition system 
The design of the data acquisition system was successful in that it provided a system that was 
functional, but it did not make the final grade of being able to scan in the XY plane at 
frequencies of 3 kHz. The 3 kHz design limit was set by the first resonant frequency of the 
scanner tube and its assembly. The resonant curve plot can be seen in Figure 3.5. The final 
lateral scan frequency was only 1.953 kHz at best. The average scan frequency was 1.843 
kHz and the slowest that was recorded was 1.400 kHz. The microcontrollers were fast 
enough but the 486-based PC that was running Windows NT was slowing the system down. 
Changing the PC for a much faster Pentium 3 based system solved this problem. The four-
processor microcontroller system did make the system extremely modular, paving the way for 
the addition of a DSP processor in the system. 
The second iteration of the high-speed communications interface obtained the same results 
with the RS-232 port. The system worked easily up to the limit of control at 3 kHz, and since 
the PIC18 is not using a bit-swap and also not inverting the signals to compensate for the 











During the final qualifying test of the STM system, it was found that the piezo tube would go 
into an unexplained resonance for no apparent reason, this was because of too much gain for 
the PI controller. It is thus also important to get a feel for what the system does. The gain of 
the controller would depend on the type of material that is used for a sample. 
Previously Tapsonl3 achieved a Z sampling update rate of 55kHz and the author managed to 
achieve an update rate of 42 kHz during a previous studyl4. During this study, the Z 
controller was operated for the first time at an update rate of at least 60kHz. The reason for 
the 60 kHz bandwidth was explained in Chapter 3. 
It must be note that tht~re is a difference between the bandwidth of control and the sampling 
bandwidth. The sampling bandwidth is the rate at which the ADC is sampled to get new 
information into the processor. The bandwidth of control is the rate at which the DAC is 
updated to move the tip to a new position in the Z direction and is defined as that bandwidth 
at which the response of the closed-loop control system should be below -3dB. This author 
always used a sample and update scheme, where the control bandwidth and sample bandwidth 
was essentially the same l4. Tapson used a sampling bandwidth of 55kHz. but used a much 
reduced control bandwidth (3kHz) and also scanned much more slowlyl3. 
What is known about the resonant response in the Z direction of the scanner is that the first 
resonant peak is normally very much higher than the first resonant peak in the XY direction 
that is shown in Figure 3.5. What appears to be happening is that there is a first resonant peak 
at say 70kHz. The scan at a control bandwidth of 60 kHz is becoming unstable. and is just 
unstable enough to prevent a good tunneling junction from forming. 
The solution to this problem was to bring the scan update frequency (bandwidth of control) 
right down and use a slow controller (reduced gain) at the same time. This means the 
controller will only make small changes in the Z direction. The controller code was modified 
so that instead of taking a current reading and acting on it 60000 times a second. lots of 
readings were taken. but it was only updated 3000 times a second. The sampling rate was at 
60kHz and the control bandwidth was set to 3kHz. This left lots of potential processing 
capacity on the Z controller because it had only had to access the 20-bit serial DAC 3000 











rate in the XY direction could be increased to the limit of 3 kHz because it also freed up the 
high-speed communications interface. The lower Z control frequency meant that the amount 
of data that was processed. was lower by a factor of 20 and that the high speed 
communications interface had more than enough processing power to accomplish the tasks at 
hand. The 3 kHz lateral scan speed is the highest lateral scan speed that can be achieved and 
is an important result. It is not possible to scan faster in the XY direction because of a 
resonance peak at 10kHz. See Figure 3.5, It proves that the lateral control algorithm is 
working correctly and in this way is also giving the shortest scan time ever for this instrument 
for a 256 x 256 data point image. 
The reduction of the 2 control bandwidth is a quick fix to get it the system running and an 
attempt at getting good noise free images. A 3 kHz control bandwidth is still very good and is 
in line with what Tapson used previouslyl3, It is not known what the noise contribution of 
running the update rate to close to the first resonant peak in the Z direction is. For that reason, 
it was a good choice to rather get the update rate as far as possible from the resonant peak in 
the Z direction. Tapson J3 and the author in the previous studies did not discover this problem 
in the Z direction so it is not know if some of the images that were obtained previously at a 
control bandwidth of 42 kHzl4 were contaminated by resonant noise because of the high 
control bandwidth that was used. 
7.2.1 STP pre-amplifier 
Initial tests on the pre·amplifier showed that the preamplifier design by Demming et a/58 is 
not a wide bandwidth application. That application was designed for use with an STM only. 
The circuit as was suggested, had to be modified to get the required 50kHz bandwidth for 
STP. The new circuit diagram is given in appendix C. The phase and magnitude plots that 
are shown below are presented to show that the phase is essentially flat over the frequency 
range that is of interest. This is very important when we look at Equation 4.6, where the 
phase and frequency difference has to be more or less zero to enable the reading of STP data. 
The magnitude on the other hand did show a strange dip at 100kHz. It looks like a band stop 
filter is active in that region. This could be because of the combination of leads and cables 
that are used to interconnect the various parts of the system. This was tested by only 











action present without the interconnecting cabling, hence in the complete system this cabling 
must be used, and is therefore taken into account. A Bode plot of the response is shown 
below. It can also be seen that the phase varies slightly, but never by more than about +27° or 
_9°. The magnitude of the signals that were read was normalised to zero dB, because a 
manual gain adjust can be done using the final gain stage in the STP detector to obtain the 
same effect. Before the test was conducted, a test signal was used to try to set a gain of unity 
from the tunneling junction to the input of the ADC. 
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Figure 7.1 Bode plot of the preamplifier response. The response was measured from the 
input at the tunneling tip up to the input of the ADC that samples the pre-amp output. It can 
be seen that the frequency response is flat up to 10kHz, but takes a dip at 100 kHz down to 
about -3.6 dB. The phase also varies at the same time, but not by more than about 27°. This 
is discussed elsewhere in this chapter. 
The signal level is not reduced by much, the -3.6dB drop can be compensated for by 
increasing the gain of the op-amps that are used on the output of the final stage if 
measurements are done around 100 kHz. 
7.2.2 STM results 
The Z controller was essentially the same device that was used for the author's MTech 











the high-speed communications and the pre-amplifier are working. The incrementing raster 
generators on the STP boards are also working. It is important that the wide-bandwidth pre-
amplifier that was developed for STP applications is working for purely STM applications 
also. The only items that need to be proved operational still are the actual STP detectors and 
the STP sampling circuits. 
STM 
Figure 7.2 An STM image. On the left side is the original image and on the right side 
some areas have been marked to highlight some basic features on this gold surface. The area 
denoted by "A" shows an example of an area filled with contamination (dirt). The line 
marked "B", shows the approximate location of a step edge on the gold surface. The image is 
256x256 cttapjnts O'dtu asized 1.2 X 1.21 nT 
STM 
Figure 7.3 An STM image. On the left is the original image and on the right is the same 
image but with areas marked in white for clarity. Line "A" represents a step edge on the 
surface of the gold sample. The surface above line "A" could not be resolved clearly. This 
means there are possibly mobile molecules on the surface that are being pushed around by the 
STM tip. Again the image is 256x256 cttapjnts O'dtu asized 1.2 X 1.21 nT 
7.2.3 STP results based on the 50kHz detector 
The images that are presented here are from a single scan of the gold plated sample surface. 











In Figure 7.4 the X and Y channels of the STP detector output can be seen. The two images 
are slightly different due to the alignment of the crystal structure of the gold sample in the X 




Figure 7.4 A STP image set:, from top to bottom are the STM scan, the STP X direction 
and the STP Y direction scans. On the right side the same images are shown with added lines 
to highlight some features . The STM image shows three features, an oval area on the top, a 
groove-like feature in the middle and an area at the bottom. The STP X direction image 
shows the groove structure and the area at the bottom, but not the oval shaped structure at the 
top. This could be because this structure is not in the surface but has something loose lying 
on top. The STP Y directional image shows little information, indicating that the subsurface 
structures are orientated in such a way as to not cause a potential difference. Image size is 1.2 
x 1.21 nT. 
7.3 Conclusions 
The Z controller induced a resonant frequency response in the piezo voltage at 60kHz due to 











prevents high resonant frequencies from being produced in the piezo tube, while still keeping 
the 60kHz sampling bandwidth. 
A bode plot was done to determine the response of the pre-amplifier circuit that is used for 
STP and STM. The pre-amplifier must have a flat response in both phase and frequency to 
make sure that Equation 4.6 is valid. This design was achieved and several STM images were 
obtained with this wide band STM pre-amplifier. Normally a STM pre-amplifier has a 
bandwidth of several Hz" 2.13 at most, but the one used in the new design has a bandwidth of 
100kHz. 
A continuation project can now be performed to obtain new STP data on various samples like 
Carbon and Platinum. One of the first tests that must be done is to determine whether we are 
getting valid STP data. This is done by obtaining STP data at different magnifications to see 
if the size of the features that are observed are changing. A test that is similar to this is to 
rotate the sample through 90° to check that the features in the STP images also rotate. This 
will form part of the future work. 
The electronics is working satisfactory as can be seen from the STM scans and from the STP 
data that is presented. In conclusion, it can be said that the project provided a system that can 
control the scanning of a STM with STP capabilities. The 50kHz STP detector is working 
and was used to produce a set of STP images using the new data acquisition system. The I 
MHz detector was only bench tested to confirm that the PCB layout is correct and that the 
expected signals are appearing on the outputs. 
In conclusion, a summary of all the work that was done for this dissertation is presented. 
• The tip assembly was removed from the STM scanner and a new housing was constructed 
from a ceramic material into which the tip could be placed. A photograph of the new tip 
holder is shown in Figure 7.5. It can be compared to an earlier photo of the tip in the scan 
head in Figure 3.3. This also had the additional objective of checking that the tip 
assembly was still in good order and clean. It must be clean of any contaminates, even the 
salty deposits in a finger print will act as a conductive path for current away from the 











Before any scans were conducted, cleaning alcohol was used to clean the conductive 
pathways on the pre-amplifier and on the output from the Z output DAC. 
Figure 7.5 The new ceramic tip holder can be seen in this photograph. This can be 
compared to Figure 3.3 where the tip holder construction is still different. 
• A new pre-amplifier was constructed that has a very low input leakage current58. This 
new preamplifier uses two op-amps, the first is a very expensive OPA604 and the second 
is a LM636 1. The choice for the second op-amp is not critical. The OPA604 has an input 
leakage current of about I pA, which is several orders of magnitude lower that the 0.1 to 
I nA current that the pre-amplifier is trying to amplify. A surface mount PCB was 
designed for the new pre-amplifier. The surface mount PCB is also smaller than a 
through-hole plated PCB, resulting in smaller stray capacitance values. This helped in 
getting a flat frequency response and very little phase shift. This can be seen in the Bode 












Figure 7.6 Photograph of the new pre-amplifier as it rests on the scan head. The input to 
the amplifier is near the bottom of the image on pin 2 of the OPA604 Ie. To reduce 
noise the PCB was designed to be as small as possible. 
• The Z controller code was also optimised for execution speed. During the fmal stages of 
the previous stud/4, a timing error was discovered on the XY controller. The DAC712 
needed a longer write pulse than expected to clock the information into the DAC registers. 
The only way to achieve a quick fix was to lower the clock speed of the XY controller. 
This gave the required timing, but the synchronous serial port running to the Z controller 
could not connect at the high speed any more. By lowering the Z controller clock speed to 
20MHz, to match the XY controller clock speed, the serial port could still be run at the 
maximum speed of 5Mbitls. The baud rate generator is dependent on the clock frequency. 
The Z control loop now ran at 42kHz, which is below the required 60kHz. Further more, 
the second ADC0820 was also now used on the Z controller board to do STP 
measurements. The STP data was coded into the fourth byte that was transmitted in the 
serial stream to the XY controller. Previously the fourth byte was just a dummy byte, 
hence the data stream was still the same length. The extra code length reduced the loop 
execution time down to 38kHz. The optimisation of the control loop involved removing 











into a straight-line version. A copy of the code is given in appendix F. The new execution 
speed was increased to 46kHz at a crystal frequency of 20MHz. 
In the new four-processor system, where the DAC712 ICs form part of the STP 
controllers, the timing problem is no longer an issue. This means that the clock frequency 
of the entire system can be raised to 33MHz again. At 33MHz the Z control loop code 
executed at 67kHz, which is faster than the minimum requirement of 60kHz. A delay 
loop was added in the Z control loop code to bring the loop execution time down to 60kHz 
again. 
• Theoretical calculations were done and presented in the form of a graph as to the effect of 
AC current penetration at different frequencies on different materials59. The results for 
this are presented in Figure 4.10 and Figure 4.11 and discussed in Chapter 4. 
• The XY -controller that was used in the previous study by the author was split up into 
three separate boards for improved measurement capability. This resulted in a high-speed 
interface to the PC using a PC-14 card on the PC side. and two STP control and 
measurement units. The high-speed interface acted as the master in the PIC based 
embedded system. The X and Y directions are controlled by the STP controllers and the Z 
controller was unchanged. The amount of data that is sent to the PC for each 
measurement point increased from three bytes to five bytes, because the two STP readings 
in the X and Y directions are now also included. The immediate effect of this was that all 
the microcontrollers could now be run at 33MHz again. Even the Z control loop was now 
again running at a faster than 60kHz execution speed. 
• The STP controllers were designed in such a way that they could be used again for other 
projects. All the peripherals are brought out to the header connectors. The PC board also 
fits exactly into an off the shelf enclosure. This will help if it is to be used as say as an 
induction motor controller. The PWM outputs will be used in this case to generate the 
sine waves, the two ADCs along with the interrupt inputs, the serial port and timer units 












• Extensive testing was done with the old XY controller before it was decided that it was 
creating a bottleneck in the system. It was doing too many tasks (X control, Y control, 
STP measurement and data transmission to the PC) for it to be good at anyone task. This 
was the main reason for splitting the XY controller into three separate parts. An attempt 
was made to improve the code efficiency before this system was split. 
• A faster device driver was ordered for the new high-speed communications interface. The 
old device driver read the data three times and then only took the third set as a valid set. 
The reason for this was the slow response of the opto-couplers that were used. (2 Ils rise 
time). They were replaced with fast digital opto-couplers (6N137) which enable a three 
fold increase in thl! rate that data is sent to the PC. The help of Bernard Kuc is again 
acknowledged in the work with the device driver. The existing driver code was just 
recompiled after the extra read 'for -loop" was removed. In Cha pter 4, the reason for 
reading the data three times before using it was explained. 
The limiting factor at this point was the speed of the PC bus and hence the rate at which 
data could be read using the device driver. A PC with a faster bus speed will result in 
faster scans of the specimens, There is a limit to the fastest speed possible, but that is 
determined by the piezo tube. The piezo tube has a first resonant frequency at 10kHz in 
the XY direction. and it has a time constant that would force the scan electronics to wait a 
short time before sending the data. The current configuration of the control electronics 
does not have the communications link between PC and the embedded system as a 
bottleneck. 
• A 50 kHz STP detector was constructed on Veroboard and tested. Results from this board 
were presented in Chapter 7. The photo of this board can be seen in figure 4.7. 
• A t MHz STP detector was constructed. The circuit was constructed and tested using two 
signal generators. The output of the AD633 multiplier IC showed the sum frequency very 
easily. This new circuit diagram is shown in appendix D, The circuit board included the 
103 gain section of the Z controller pre-amplifier. This made the signal conditioning for 











hence keeping wiring and ultimately noise to a minimum. A photograph of the PCB is 
shown in Figure 4.8. 
• Separate programs were written in Visual C++ to split the data into topography only and 
STP only data files. This software also included an additional display routine to redraw 
the data as a line type display. This is required to determine which data sets will be post 
processed using a processing package. 
The software is it new addition and was deemed necessary after the problem with 
processing the images during the author's MTech 14. This software enabled the images to 
be screened and pre-processed before it was processed on a Sun workstation. 
Replacing this software with a Labview program that gave the final images immediately. 
made a further improvement. This negated the need for 3 separate programs and post 
processing on a Sun workstation. 
• The old PC software was modified to incorporate the new STP data. The data storage and 
the scan routines had to be rewritten. This is because the amount of data that must be read 
has increased. Th(: STM data is safe in the first double word, and the STP data is saved in 
the next double word. There are some empty spaces generated in the data archive, but PC 
storage is very cheap. The Labview interface replaced this software and proved to be 
much better. It i~. giving good graphics with just a single click of the mouse, and the 
software is very stable. It is not producing any fatal errors that are causing the program to 
shut down like the Visual C++ interface did. 
• The high-speed communications interface went through 2 iterations. The first was with a 
parallel interface to the PC and the second was using a PIC18c8720 with an RS-232 
connection to the PC. Both gave the same data throughput and the PICl8 series gave a 
much simpler code in the end. The code used on the parallel port version pass was copied 
and used 'hs is" on the new processor except for a few register name changes. It is 
working the same. but can now interface directly to the serial port functions in Labview. 
This was the main reason for changing to the newer PICI8c8720. It has multiple serial 











Chapter 8: Conclusions 
Several interesting conclusions can be drawn from the work that was done for this thesis 
project. Looking at the graphs in Figure 4.10 and 4. ) I it is clear that the upper limit for 
practical STP is about I MHz59. Higher frequencies are possible because the decrease is 
exponential, but the dIfference between materials causes a smaller decrease in penetration 
depth for a big increase in frequency. An example of this is the difference in penetration 
depths of gold and silicon at 100kHz. At this frequency, it differs by about 50~m, at IOMHz 
the difference is about 20~m. If it were a uniform material like graphite then the images 
would be a lot easier to interpret. Graphite has a grainy structure, which is one of the reasons 
for STP in two dimensions. By applying two slightly different signals at right angles to each 
other it is possible to use synchronous detection to get a difference signal and use that to plot 
the surface potential distribution in two separate images60•61 • 
The second is that the use of multiple PIC processors proved to be difficult to integrate when 
it comes to synchroni~ation of the various tasks. As described in Chapter 6, the four PIC 
based devices use a synchronous serial port to communicate with each other. The complexity 
of the system points towards using a system that will perform all the tasks of the four PIC 
processors, or at the very least three of the four. In the second option, where three of the four 
tasks are combined, the X, Y and Z controllers would be replaced with a new Texas 
Instruments49 TMS320c240X device. This DSP chip is optimised for motor control, but it has 
very useful peripherals that could be used in an STM system, like several serial ports, several 
ADC converters and PWM outputs. The 16 different ADCs can be used to detect voltage 
levels at various parts of the system, and to sample the incoming tunneling current. The 
PWM outputs can be filtered and will produce a sine wave that can be used as the signal 
generators for STP. The serial ports can be used to communicate to the PC and to other 
peripherals in the system if they are needed. 
The inclusion of a DSP into the STM electronics is a total tum around from the previously 
stated remark in chapler 3, where the use of DSP processors is not recommended. This is still 
true in a pure STM system. The proposed DSP processor (TMS320c2407A) is a 16~bit fixed 
point unit and can thus still do integer only calculations as required by Tapson33. In the 











These signals are the tunneling current and the X potentiometric and Y potentiometric 
information, which must be processed within a sampling rate of 60kHz. The system can work 
at a high scan rate with a DSP or at a much lower speed using a single microcontroller. The 
approach of using four microcontrollers was easy to develop in that the Z controller needed 
little development time and that many routines could be used 'lis is" from the old XY 
controller software. Some routines needed minor modifications, but this approach did cut 
down on the development time in the end. As stated previously, the synchronisation of the 
serial ports to prevent twO ports from driving the bus at the same time proved to be a bigger 
challenge than anticipated. This took up a lot of time, because four programs had to be tested 
and debugged at the same time. When a fast scan speed is required, it is suggested that a DSP 
be used, especially if many measurements have to be taken. 
This project delivered a system and an initial set of results to prove that the instrument is 
working. There are several new questions that need to be addressed. The changes to the 
electronics that could still be implemented are purely cosmetic and will not really improve the 











Chapter 9: Future Work 
The STM project at VCT will continue for several years to come. The author believes that the 
measurement system IS now reasonably fast enough to enable any follow up work to 
concentrate on other areas of the development for the system. 
A few new items were introduced on the wish list for future improvements to the system. The 
first and foremost is that the system is now approaching the stage where it is becoming a 
serious research tool. Below, a list of items are presented that will help in the improvement of 
this project. 
• Integration of all the separate boxes into a single unit that is more portable. At the 
moment, there are three power supply boxes, of which two are essentially identical. 
Along with a cleanup of the various PCBs that lie loose all over the place (see figure 3.1), 
an improved layollt of the system can be done. This will also make the system more 
compact. 
• A finite element analysis of the complete scanner assembly would assist in the 
understanding of the resonant frequencies that are produced. This is very important and 
would ultimately define the bandwidth of the Z controller. Tapson did do a complete 
study of the resonance behaviour of the existing scanner l2 using direct measurements. 
The finite element analysis can give answers as to the ideal shape of the scanhead and the 
behaviour of the scanner tube when it is attached to the scanhead. The scan tube comes 
with a set of parameters but these are changed since the tube is clamped on one side, 
causing it to act as a cantilever. By doing the finite element analysis, it would be possible 
to try new scanhead designs very quickly. and even simulate the resonant behaviour of 
different piezo tubes on the existing scanhead. 
The next point where more work can be done is to take further measurement readings on 
different materials. A large database of images must be build up that can be used for research 
purposes. This is very important because the STP function must be characterised over a wide 
range of materials to gain a good understanding of what information is obtained from each 
type of material. If the instrument is used every day. an understanding will develop of the 











suggested that the instrument be subjected to student use for at least a year so that the students 
can do the initial report on the design of a GUI and modes of operations. This is suggested to 
help prepare the instrument for possible commercial use. The author has spend a Jot of time 
with the instrument. but the input from various end-users is now needed to help with the 
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Appendix C: Schematic diagram of the new low leakage 
current, wide bandwidth pre-amplifier 
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Appendix E: New PIC18c8720 board for the high speed 
communications interface version 2 
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Appendix F: CD-Rom containing all the source code. 
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